
F

S
m

E
a

A
b

a

A
R
R
2
A

K
S
E
S
H

1

t
a
n
l
o
t
d
g

(
M
m
i
a
a
s
k
o
t

(

h
0

Applied Surface Science 400 (2017) 254–261

Contents lists available at ScienceDirect

Applied  Surface  Science

journa l homepage: www.e lsev ier .com/ locate /apsusc

ull  Length  Article

pectroelectrochemical  analysis  of  HOPG  surface  controlled
odification

steban  A.  Franceschini a,b, Gabriela  I.  Lacconi b,∗

Gerencia de Física, Centro Atómico Constituyentes, Comisión Nacional de Energía Atómica, Av. Gral. Paz 1499 (B1650KNA) San Martín, Buenos Aires,
rgentina
INFIQC, Dpto. Fisicoquímica, Facultad de Ciencias Químicas, Universidad Nacional de Córdoba, Cdad. Universitaria, 5000 Córdoba, Argentina

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 3 October 2016
eceived in revised form
7 November 2016

a  b  s  t  r  a  c  t

In situ  Raman  spectroscopy  is used  to characterize  the  changes  induced  by electrochemical  oxidation  and
silver electrodeposition  at the step-edge  and  terrace  sites  of  highly-oriented  pyrolytic  graphite  (HOPG)
surfaces.  Ag  crystallites  are  observed  to become  preferentially  deposited  onto  previously  oxidized  step
ccepted 14 December 2016

eywords:
ilver electrodeposition
lectrochemical oxidation
ERS

edges, thereby  leading  to  an enhancement  of  the  Raman  active  modes  of the  HOPG  surface.  Ex  situ  Raman
spectra  recorded  after  HOPG  oxidation  exhibit  clear  differences  for both  terrace  and  step-edge  areas  of
the  surface.  An  increase  of  D and Dı́ band  intensity  and two  well-defined  D-band  contributions,  D1 (at
1324  cm−1)  and  D2 (at  1344  cm−1),  are  the  main  features  observed  after  oxidation.  This  effect  can  be
correlated  with  the  presence  of step-edge  sites  on  the  surface,  and  are  found  to be strongly  dependent
on  the  pH of  the  solution  used  in  the  surface  electrochemical  oxidation  experiments.
OPG step edges

. Introduction

The study of the physicochemical properties of graphite is essen-
ial for understanding the properties of new carbon forms, such
s graphene, fullerenes, and carbon nanotubes [1]. Recently, a
oticeable increase has been observed in the number of techno-

ogical developments based on aggregates of few graphite layers
r graphene sheets, in which edge defects and surface imperfec-
ions play an important role [2–4]. The investigation of surface
efects is, therefore, of particular relevance to the development of
raphite-based nanostructures for device applications.

The surface properties of highly oriented pyrolytic graphite
HOPG) electrodes have been widely studied, mainly by the

cCreery and Unwin research groups [5–8]. HOPG is a well-defined
odel system with an extremely uniform surface, free of metal

mpurities and pores. Even though electrochemical oxidation in
queous media leads to modification of surface microstructure
nd reactivity, HOPG is extensively used as an electrode for the

tudy of several electrochemical reactions [9–11]. It is also well-
nown that HOPG oxidation occurs most favorably on the edge
f steps [7,8,12–14]. There is extensive literature indicating that
he electrochemical oxidation of HOPG generates an increase in

∗ Corresponding author.
E-mail addresses: Gabriela.Lacconi1@gmail.com, glacconi@fcq.unc.edu.ar

G.I. Lacconi).

ttp://dx.doi.org/10.1016/j.apsusc.2016.12.115
169-4332/© 2016 Elsevier B.V. All rights reserved.
© 2016  Elsevier  B.V.  All  rights  reserved.

the number of oxygenated surface groups [15–17]. Pittman and
coworkers demonstrated that the rise in surface oxygenated func-
tional groups was mainly due to an increase in carboxyl (COOH) or
ester (COOR) groups [18]. The need for understanding the nature of
the processes by which different oxygenated functional groups are
locally generated on the graphite surface, besides of their poten-
tial applications are important incentives to continue the study of
these systems.

The surface chemical properties and the quantity and distribu-
tion of surface oxygenated groups play a particularly important role
in the reactivity of carbon-based materials such as graphene flakes
and carbon nanotubes [12,13,19]. In that sense, Fisher and cowork-
ers have conducted experiments of Raman magnifications of carbon
surfaces employing metal particles synthesized by microwave
plasma chemical vapor deposition [20,21]. The study of carbon sta-
bility in the cycling of lithium batteries is a clear example of how
the presence of such groups produces changes in the electronic
structure of graphite and promotes the activation of heteroge-
neous electron transfer at the edge plane [8,22]. Additionally, some
authors have found that anodic oxidation of HOPG electrodes leads
to the breakdown of the graphitic microstructure and increases
the step-edge density [23,24]. In recent work, the electrochemi-

cal behavior of HOPG in the presence of a redox probe has been
monitored at high spatial resolution, revealing modifications on the
materials surface, which have been ultimately related to changes
of its local electronic and microscopic structure [25].
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Among the different methods used for surface characterization,
aman spectroscopy has been shown to provide specific infor-
ation on the microstructure and properties of carbon related
aterials [26–29]. Raman scattering measurements are non-

estructive experiments with enough sensitivity to detect different
tates of carbon atom hybridization at the graphite surface. The
rst-order dispersive modes of HOPG surfaces can be detected in

he spectral region from 1000 to 1700 cm−1, whereas Raman signals
t approximately 1580 cm−1 (G band), 1324–1344 cm−1 (D band),
nd 1621 cm−1 (Dı́  band), are the main bands that should be ana-
yzed for a proper characterization of these systems [29]. The G
nd D/D’ bands are related to sp2 carbon vibrations in the aro-
atic ring and disorder modes at the edge zone of microcrystalline

heets, respectively. In the second-order spectral region, combina-
ion and overtone bands provide complete spectral information.
urthermore, frequency values and intensity ratios of typical (or
ew) bands at the graphite surface have an important role in the
haracterization of the material surface structure [1,2,5].

Activation of metal surfaces for surface enhancement of Raman
pectroscopy (SERS) has been extensively implemented as a means
f enhancing Raman signals at HOPG surfaces [30–34]. Besides,
oupling of these spectroscopic methods to an optical micro-
cope has facilitated the recording of recording spectra from sites
n the surface, at high sensitivity and resolution. An approach
ased on simultaneous combining in situ Raman spectroscopy
nd electrochemical measurements can also be used to gather
irect information about the electrode/electrolyte solution inter-

ace [35–37].
In this paper, changes in the Raman spectra corresponding to dif-

erent areas on the HOPG surface, such as those with high density
f step edges (SE) or terraces (T), induced by selective electrochem-

cal oxidation, are investigated by ex situ and in situ experiments.
xygenated functional groups electrochemically generated at the

urface are detected by the spectral differences observed between
xidized step-edge (SEox) and oxidized terrace (Tox) zones. The
nodic oxidation of SE areas increases the susceptibility of defect
ites towards silver electrochemical nucleation, and the SE abil-
ty to catalyze electron transfer to Ag+ ions during the formation
f silver SERS-active crystallites. This selective nucleation enables
he highly sensitive detection of specific vibrational modes of the
E area. The most significant features, which have been found to
e strongly dependent on the solution pH and electrode potential,
orrespond to the presence of two clearly defined contributions for
he D band (1324 and 1344 cm−1), and the Dı́ band (1621 cm−1)
lose to the G band.

. Experimental section

All solutions were prepared with Millipore Milli-Q water and
nalytical grade reagents. The electrolytic solutions employed were
.1 M KClO4 (Carlo Erba) at different pH (3, 6, and 10), and 0.1 M
ClO4 (Carlo Erba) + 1.0 mM AgClO4 (BDH Chemicals Ltd.), for
nodic oxidation of HOPG and silver electrodeposition, respec-
ively. HClO4 (Carlo Erba) and KOH (Anhedra) were used to adjust
he solution pH. Aqueous solutions were degassed using high purity
2 (Indura S.A.) before their use in experiments.

HOPG (SPI Supplies, Brand Grade SPI-1) was cleaved with adhe-
ive tape prior to each experiment in order to have a fresh surface.
ll electrochemical measurements were performed in a single
ompartment three electrode cell with access for the confocal

icroscope objective. The HOPG was placed at the bottom of the

eflon cell exposing an area of 0.43 cm2. A platinum wire ring and
 saturated calomel electrode (SCE) or Ag/Ag+ (1.0 mM)  were used
s counter electrode and reference or quasi-reference electrode,
espectively. The SCE was employed for anodic oxidation of HOPG
rface Science 400 (2017) 254–261 255

surface, while the Ag/Ag+ (1 mM)  electrode was utilized for silver
electrodeposition experiments. The potential range is indicated in
the text and figures along with the reference electrode employed
in each case. The difference between the two reference electrodes
used is given as EAg/Ag+ = −0.30 V vs. SCE.

For the recording of Raman spectra, laser radiation was focused
on two different regions on the HOPG surface: plain terrace (T) and
high density of step-edge (SE) areas. Oxidation of the surface was
carried out with a single potential pulse at +1.1 VSCE during 5 s in
KClO4 solutions at different pH (3, 6, and 10), thereby generating
Tox and SEox areas. The spectroscopic characterization of the HOPG
surface before and after oxidation was performed by conducting
ex situ Raman measurements in air and at room temperature. This
arrangement was required to set adequate experimental conditions
for the in situ study.

Electrochemical measurements were carried out using an Auto-
lab (PGSTAT30 ECOCHEMIE) potentiostat/galvanostat or a CH
Instruments Inc. 600E potentiostat/galvanostat for the oxidation
before ex situ Raman or during in situ Raman analysis, respectively.

Raman spectra were acquired with a LABRAM-HR, Horiba Jobin-
Yvon Raman microscope with a 100× objective lens (NA = 0.9). The
632.8 nm (He-Ne) wavelength was  used for laser excitation, with
5 mW power in order to avoid laser induced heating. The illumi-
nated area in all Raman experiments was  1.0 �m2 with a spectral
resolution of 1.5 cm−1. The acquisition time was 10 s, taking the
average of 10 spectra.

Ex situ SERS measurements were performed using samples elec-
trochemically oxidized in solutions of different pH. These spectra
were represented as normalized signal intensities (by integrated
area), using the G band at 1580 cm−1 as reference.

In situ SERS spectra of SE areas, on which a 50× objective
lens (NA = 0.45) was  specifically focused, were recorded by apply-
ing simultaneously a complex potential-time program with a
series of potential steps, in which the electrode surface was firstly
oxidized and then silver crystallites were electrodeposited and
electrodissolved. Measurements were conducted in aqueous 0.1 M
KClO4/1 mM AgClO4 solution at pH 3, using a Teflon cell with an ad
hoc design for the confocal microscope configuration. The study of
electroforming of Ag nanoparticles at pH 6 and 10 could not been
carried out, since silver is oxidized at pH values higher to 5.5 with
dissolution of particles [38,39]. For this reason, the in situ SERS
study with silver particles was only performed at pH 3. In situ spec-
tra were normalized using as reference, the symmetric stretching
mode of ClO4

− ions (932 cm−1), except where absolute values are
specified. Raman intensity values presented in this article corre-
spond to the band integral area after baseline corrections and fitting
based on Lorentzian functions.

Scanning electron microscopy images were obtained using a
Supra 40 (Zeiss Company) FE-SEM �igma operating at 8 kV.

3. Results and discussion

3.1. Electrochemical oxidation of SE areas

The electrochemical oxidation of the HOPG surface was carried
out by applying a potential pulse at 1.1 VSCE during 5 s in 0.1 M
KClO4 solution at pH 3.0, 6.0, and 10.0. After anodic modification,
cyclic voltammetry (CV) measurements were conducted in the cor-
responding electrolyte solutions. Fig. 1 shows the CV for HOPG at
different pH, with the potential scan ranging between −0.1 and

0.7 VSCE, and starting at 0.4 VSCE and proceeding in the negative
direction at 0.02 V s−1 scan rate. Noticeable changes in the onset
potential for hydrogen evolution are observed for different pH val-
ues (not shown), and the formation of oxygen-containing groups
on different surface sites at potential more positive than 0.1 VSCE
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Fig. 2. Optical image of the HOPG surface including areas containing terraces, T, and
areas with high density of step edges, SE,  highlighted as filled and dotted circles,
respectively.
ig. 1. Cyclic voltammograms of HOPG electrodes in 0.1 M KClO4 solutions at dif-
erent pH. Electrodes previously oxidized at 1.1 VSCE for 5 s in the corresponding
lectrolyte solutions. Potential scan rate: 0.02 V s−1.

s clearly distinguished [8,12,23]. In electrolyte solutions of pH 3.0
nd 6.0, the current density for the hydrogen evolution reaction
s increased with simultaneous detection of oxidation/reduction
eaks in the potential region between 0.10 and 0.45 VSCE. At pH
0.0, these current peaks are not clearly visible in the voltammo-
rams. It is well known that anodization of freshly cleaved HOPG
urfaces introduces edge site defects and formation of oxygenated
unctional groups at the electrode surface [29]. It has also been
eported in literature that the oxygenated sites on the HOPG surface
re more reactive than those present in the freshly cleaved surface
19,22–24]. The absence of oxidation/reduction processes at pH 10

ay  be explained on the basis that, in highly alkaline solutions,
he entire graphitic surface (terraces and edges) can be completely
oated with hydroxyl groups, such as in a complete surface passi-
ation with no sites remaining available for further oxidation. This
articular effect is the subject of a separate publication.

.2. Ex situ Raman spectroscopy

Information on the surface structure and chemistry can be
btained by conducting ex situ Raman spectroscopy measurements
f the HOPG samples after anodic oxidation. The electrodes ini-
ially oxidized at 1.1 VSCE during 5 s in KClO4 solutions were rinsed
ith water and dried before ex situ Raman spectra were recorded.

ig. 2 shows an optical image of the HOPG surface where two  rep-
esentative areas are indicated by rings. The optical objective was
ocused on both, T and SE areas at different points on the surface,
n order to record representative Raman spectra. The black rings
n the image represent the position of the laser spot (1 �m2) on T
filled ring) and SE (dotted ring) selected areas of HOPG surface, for
hich spectroscopic data were obtained.

In Fig. 3a, ex situ Raman spectra recorded from specific areas
oth before (T and SE)  and after (Tox and SEox) anodic oxidation in
ClO4 solutions at pH 6.0, are shown. The Raman spectra from T and
ox areas are practically identical, with characteristic bands from
he E2g mode (G band) and the second order signals at 1580, 2642,
nd 2685 cm−1, respectively. Spectra from terraces show a notice-
ble increase of the G band intensity. In addition, poor definition of

 (at ∼1342 cm−1) and Dı́ (at ∼1619 cm−1) bands is noticed in the

pectra, which is attributed to the presence of defects within the
aser illuminated area (Fig. 3b). These results are consistent with
ssignments of Raman signals given in the literature [26,29]. Nor-
alized integrated band areas exhibit a variation of less than 0.1%
Fig. 3. Comparison of ex-situ Raman spectra, in a) 800–3200 cm−1 and b)
1250–1720 cm−1 ranges, for T and SE areas before and after anodic oxidation at
pH  6.0.

when compared across five different points recorded from every
specific area of the surface.
Spectra from the SE area in Fig. 3a exhibit the same signals as
those from the T sites (at 1580, 2642, and 2685 cm−1), but with
a high contribution from the complex signal originating from the
presence of defects (D band). Two  components, D1 and D2, at 1324
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Table 1
D/G and 2D/G intensity ratios from step edges sites oxidized at different pH. Data cor-
responds to ex situ spectra of Fig. 4a and are normalized at the G band corresponding
to  each spectrum.

Oxidation pH ID/IG I2D/IG
ig. 4. Ex-situ Raman spectra of HOPG SEox obtained after electrochemical oxi-
ation at different pH. For comparison, the spectrum for the SE area of a freshly
xfoliated HOPG is also shown.

nd 1344 cm−1, respectively, are clearly evident before oxidation
26]. Both D1 and D2 bands on HOPG surfaces have been observed
n previous studies. Compagnini et al. [40] have assigned the D1
and to a typical edge-plane related process and the D2 band
disorder-related) to a process dependent on the amount of defects
ntroduced after ion-implantation into HOPG. In addition, evidence
f a Dı́ band (1619 cm−1), which is associated with the D2 contribu-
ion, is clearly visible in the SE spectrum [5]. In Fig. 3b, the spectrum
rom SEox shows that the relative intensities of D2 and D1 compo-
ents are modified by anodic oxidation of the surface. Thus, the 2D
and intensity from step edge and terrace areas spectra becomes

ncreased (Fig. 3a).
The electrochemical modification of the HOPG surface per-

ormed with a potential pulse at 1.1 VSCE leads to soft oxidation
f the surface, being favored the formation of carbonyl, ether,
nd hydroxyl groups at the step edges [5,41]. The most signifi-
ant features revealed by the comparison of SE and SEox spectra
an be summarized as: (i) modification of the relative intensities
etween D1 and D2 components of the D band, (ii) slight increase

n the absolute intensity of the G band, (iii) detection of Dı́ band at
621 cm−1, and (iv) increase in the intensity of bands at 2643 cm−1

nd 2685 cm−1, in the second-order region.

Fig. 4a shows spectra obtained from SEox areas (with results

rom Tox areas not being shown) after anodic oxidation in 0.1 M
ClO4 solutions at pH 3, 6, and 10. For comparison, the spectrum

rom a step edge area of a freshly exfoliated surface is also included.
n Table 1 the D/G and 2D/G intensity ratios are presented. It can
Fresh exfoliated 9.2 96.8
pH 3 9.7 88.8
pH 6 12.9 84.2
pH 10 2.4 95.4

be observed that after oxidation at pH 3 and 6 the intensity of
the D-band increases markedly, whereas that of 2D band certainly
decreases. This tendency is reversed when the oxidation process is
carried out at pH 10. Moreover, the D1/D2 intensity ratio, when the
oxidation is performed in electrolyte solutions of pH 3 is higher than
that at pH 6. This trend may  be explained on the basis of changes to
the type or amount of oxygenated functional groups at the edges.
However, both contributions, D1 and D2, are similarly evident with
equivalent intensities to those from a freshly cleaved HOPG surface.

On the other side, oxidation of SE areas in alkaline solutions (pH
10) results in very weak D1 and D2 signals and a more symmet-
ric G band, which suggests that at pH 10 the amount of defects
at the edges has not increased. This process could be alternatively
investigated by in situ measurements (see next sections) after sil-
ver deposition at the steps. However, the formation of silver oxide
complicates the measurement at pH 10. It is also possible that
after surface oxidation in highly alkaline solutions, the presence
of surface defects may  not be easily established by spectroscopic
measurements. Another feature in Fig. 4b is the red shift of the G
band (∼ 2 cm−1) in the spectra at pH 10, which may  indicate an
increase of the amount of sp3 carbon because of the large number
of oxidized groups.

These spectral data can be analyzed on the basis of the poten-
tiodynamic behavior showed in Fig. 1, by correlating the D2 band
integral area with the oxidation charge in the voltammograms at
each pH (anodic peak between 0.25 and 0.45 VSCE). The intensity of
this band is actually observed to increase as the oxidation charge
becomes higher. It has been mentioned that samples oxidized at
pH 10 exhibit the lowest oxidation charge and that the Dı́ band
is practically absent in the spectra. However, although the elec-
trochemical behavior of previously oxidized HOPG electrodes is
dependent on the solution pH (Fig. 1), a direct comparison with the
effect observed in the spectra is not possible, because the electro-
chemical results represent an average across the entire electrode
area (including both terrace and step-edge areas), while Raman
scattering originates from localized regions delimited by the size of
the laser spot (∼ 1 �m2). Thus, step edges are HOPG defects that can
be detected by the presence of D band, when they are preferentially
oxidized.

The spectral analysis of changes in the structure of graphite is
normally carried out by monitoring the relative intensity between
D and G bands [26,29]. Even though the information in each spec-
trum in Fig. 4 comes from different samples and therefore, from
distinct SE regions on the surface, a significant increase of ID2/IG
and IDı́/IG ratios is observed as the voltammetric oxidation charge
of step edges increases and the pH for oxidation changes from 3 to
6. These Raman scattering results are indicative of a larger amount
of surface defects when the oxidation is performed at pH 6. Thus,
the intensity of D2 signal is related to the defects produced by the
electrochemical oxidation.

However, when anodic oxidation is carried out in alkaline solu-

tions, the intensity of D1, D2, and Dı́ bands becomes significantly
diminished. Besides, the sum of the normalized intensities of D2
and Dı́ bands exhibits a similar dependence with the anodic oxi-
dation charge that the simple D2 band (Fig. 5). Data in Fig. 5 are
derived from the spectra in Fig. 4, with integrated intensity val-
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Fig. 5. Plots of ID2/IG (blue squares) and (ID2 + IDı́)/IG (red rings) ratios as a func-
tion of the electrochemical oxidation charge from voltammograms in Fig. 1. Raman
intensity taken from ex-situ configuration spectra of HOPG SEox, obtained after
electrochemical oxidation at different pH. For comparison, data for the SE area of a
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recorded at different times during silver electrodeposition (labeled
reshly exfoliated HOPG are also shown. Squares and circles correspond to the ID2/IG

nd (ID2 + ID’)/IG axis, respectively. (For interpretation of the references to colour in
his figure legend, the reader is referred to the web version of this article.)

es calculated by a Lorentzian fit to the area of each Raman signal.
ome authors have observed these features in the Raman spectra
f graphite and have provided different explanations [26,40,42].
ing et al. have found that the intensity of D2 band increases when
he incident laser polarization plane is parallel to the edge plane
f the sample [26]. Moreover, the increase of the D2 signal (at
360 cm−1 for a 514 nm laser) has also been observed when disor-
er inside of graphite is introduced by ion irradiation [40]. Katagiri
t al. have related these spectral features to the discontinuity of
raphite planes detected mainly in the edge plane spectra [42]. Fer-
ari et al. have also found two components of D peak at the edge of
raphite [1].

The two components of D band are clearly evident in the ex situ
aman spectra presented in Figs. 3b and 4a. In agreement with the
ublications mentioned in the preceding paragraph, the present
ork indicates that the intensity of the D2 and D’ bands is directly

elated to the oxygenated functional groups generated by electro-
hemical oxidation.

.3. Silver electrodeposition at SE areas

After the electrochemical oxidation of the HOPG surface,
hereby carbonyl, hydroxyl, ether, and other oxygen-containing

unctional groups are formed preferentially at the step edges, silver
ucleation can be favorably activated at these sites. The presence
f these groups on the surface promotes larger affinity of metal
datoms to these sites and therefore, favoring a high density of
uclei at the step edges [6,31,43].

In order to establish the onset potential for silver deposition
nto HOPG, the electrochemical behavior was initially analyzed.
ig. 6 shows cyclic voltammograms for a freshly cleaved HOPG elec-
rode in 0.1 M KClO4 + 1 mM AgClO4 solution at pH 3, recorded at a
can rate of 0.001 V s−1 and room temperature. In the first cycle
wo cathodic peaks from Ag+ ion reduction at −0.2 VAg/Ag+ and
0.6 VAg/Ag+, possibly on different sites on the surface, are observed.

n the anodic scan, the silver deposit is electrochemically dissolved
t around 0.1 VAg/Ag+. During the second voltammetric cycle, sil-
er electrodeposition is clearly activated and the onset potential

s shifted to 0.005 VAg/Ag+. This feature is well-known [44] and has
een related to the remaining metal centers on the surface facilitat-

ng crystallite growth in the second cycle. Thus, the HOPG surface
s irreversibly modified by silver deposition.
Fig. 6. Cyclic voltammogram (first and second cycles) of HOPG in 0.1 M
KClO4 + 1 mM AgClO4 solutions at pH 3.0. Potential scan rate: 0.001 V s−1.

Monitoring of Ag crystallites formation on the oxidized elec-
trode was  achieved by Raman spectra recorded during the
application of a potential pulses sequence at the electrode in 0.1 M
KClO4 + 1 mM AgClO4 solution at pH 3.0 (Fig. 7). Initially, the elec-
trode was held at 1.1 VAg/Ag+ (Eox) for 5 s to oxidize the step edges
and, subsequently, a potential of −1.0 VAg/Ag+ (Enucl) for 0.1 s was
applied to initiate silver nucleation at these sites. The next pulse
was applied at −0.08 VAg/Ag+ (Egrowth) for 350 s, leading to slow par-
ticle growth and, finally, at 0.05 VAg/Ag+ (Edissol) during 500 s, silver
particle dissolution was induced.

Fig. 8 shows a SEM image of HOPG electrodes after 350 s of silver
electrodeposition at Egrowth using the program in Fig. 7. Two crys-
tallite families with different size are clearly observed. Many small
particles and a limited number of flower-like crystallites are located
at the step edges of the HOPG surface. After different times during
silver dissolution, the large particles acquire a faceted surface while
their size is reduced (not shown).

3.4. In situ SERS spectra from SEox areas during silver deposition
and dissolution

Electrochemical measurements were performed in KClO4 solu-
tion at three different pH (3, 6, and 10), in order to study the
effect of pH on the oxygenated groups present at the edges and
terraces, whereas spectroelectrochemical experiments in the pres-
ence of Ag+ ions were undertaken at pH 3 to prevent silver particle
oxidation.

In situ Raman spectra were recorded during the application of
potential pulses (potential-time program given in Fig. 7) at the elec-
trode in two electrolyte solutions at pH 3.0: (i) 0.1 M KClO4 and
(ii) 0.1 M KClO4 + 1 mM AgClO4. Enhancement of Raman scattering
from the surface occurs due to the presence of silver crystallites
constantly growing. Fig. 9 contains the sequence of in situ SERS
spectra from SEox areas at the HOPG surface. All signals in the
700–1700 cm−1 range were normalized with respect to the sym-
metric stretching band of ClO4

− ions at 932 cm−1 [45]. Successive
spectra were recorded in the absence of Ag+ ions and no signifi-
cant changes were observed in the Raman spectra when the full
potential-time program was applied (Fig. 9). Parallel experiments
in solutions containing Ag+ ions were carried out. Spectra were
A1 through A4) and dissolution (labeled B1 through B4) potential
pulses. In the first spectrum, A1, after 50 s of silver nucleation on
SEox surface, the presence of the Dı́ band (at 1620 cm−1) related
to the step edges, in addition to the G band (at 1580 cm−1), was
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Fig. 7. Potential-time program applied to HOPG electrodes with a sequence
o
E
p
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e
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f  potential pulses: oxidation potential, Eox = 1.1 V (5 s), nucleation potential,
nucl = −1.0 V (0.1 s), growth potential, Egrowth = −0.08 V (350 s), and dissolution
otential, Edissol = 0.05 V (500 s). All potentials are given relative to Ag/Ag+ (1 mM)
uasi-reference electrode. Electrolyte: 0.1 M KClO4 + 1 mM KClO4 at pH 3.0.

vident. As silver crystallites grow at the SEox area, a progressive
ecrease of G band intensity is noticed (Fig. 9). However, there

s an enhancement of Raman scattering generated by the silver
articles, either during their growth or dissolution, an effect that
an be better appreciated when absolute intensities are compared
see Fig. 10), because the ClO4

− ions signal is also increased by
oadsorption of them. In contrast, SERS spectra recorded during
he progressive dissolution of silver particles (spectra B1 to B4)
how noticeable changes, such as a decrease in G band intensity
nd increase of Dı́ (1622 cm−1) and D2 (1345 cm−1) bands related
o edges. These results are consistent with the SEM image, which
hows that deposited particles are mainly localized at defects.

Although in situ spectra in different electrolyte solutions were

ecorded by focusing on different SEox areas at the surface, the
eries of spectra in each electrolyte solution was obtained at
he same point on the surface. This arrangement is of particular
mportance to the controlled monitoring of the process during the
pectroelectrochemical experiment.

ig. 9. Sequence of in-situ Raman and SERS spectra of SEox area by application of the pote
nd 0.1 M KClO4 + 1 mM AgClO4, during silver electrodeposition and dissolution potential
Fig. 8. SEM image of HOPG surface after silver electrodeposition at −0.08 V (350 s)
in 0.1 M KClO4 + 1 mM AgClO4 solution at pH 3, by the potential-time program of
Fig. 7.

We have mentioned that the Raman enhancement can be better
appreciated when absolute intensity values are compared. Fig. 10
shows a comparison between the first and last in situ spectra,
recorded during application of the full electrochemical program
(Fig. 7). All spectra are in the 200–3500 cm−1 range for the HOPG
SE areas in 0.1 M KClO4 (10a) and 0.1 M KClO4 + 1 mM AgClO4 (10b)
solutions. After the anodic oxidation in the absence of silver ions, an
increase in ClO4

− signal intensity and decrease in G and 2D bands
intensity, with better definition of the Dı́ signal, are observed. It
is possible that, as the electrode potential is modified, the pres-
ence of anions in the proximity of the electrode/solution interface
could change. Thus, when the potential is maintained at +0.08 V
(final spectrum), the interaction of HOPG with ClO − anions may be
4
favored. Moreover, silver nucleation and growth at the step edges
leads to an increase in intensity for all signals (Fig. 10b), due to the
SERS effect induced by Ag crystallites. Also, the ClO4

− ions can be
coadsorbed on the crystallites, therefore the intensity of the band at

ntial-time program of Fig. 7. Series of spectra A and B recorded in both 0.1 M KClO4

 steps, respectively.
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ig. 10. Raman and SERS in-situ spectra (intensity in absolute values), recorded
efore and after application of a potential-time program, as in Fig. 7, to the step-edge
rea  of HOPG, in a) 0.1 M KClO4 and b) 0.1 M KClO4 + 1 mM AgClO4 solutions.

32 cm−1 is increased. Another feature observed is the simultane-
us increase of D2 and Dı́ intensity (with no change in frequency),
elative to the spectra in Fig. 10a. This SERS increase in the ClO4

−

ignal remains even after silver dissolution and it is almost com-
lete at +0.08 V after 500 s (final spectrum in Fig. 10b). However,
nder these conditions Raman signals from HOPG become dimin-

shed in intensity, indicating that the silver particles remaining on
he surface have lower efficiency as SERS active substrates.

. Conclusions

In the present study, we have reported a spectroelectrochemi-
al investigation of the effect produced by anodic oxidation on the
errace and step-edge zones of HOPG surface. Localized oxidation
f the graphite was performed through application of a potential
ulse at −1.1 V and typical Raman bands from graphite were sub-
equently recorded. Ex situ Raman spectroscopy was  employed to
tudy the surface structure under different conditions of anodic
xidation, while in situ spectroelectrochemical experiments were
onducted to examine the processes of silver deposition and disso-
ution, at the oxidized sites.

Differences in the Raman spectra of step-edge and terrace areas
re related to the surface modification by electrochemical oxida-
ion. Two contributions of D band (at 1324 and 1344 cm−1) and the

ssociated Dı́ signal (at 1621 cm−1), from the scattering generated
y microstructural disorder, were directly correlated with the pres-
nce of step-edge sites on the surface, being absent in the spectra
f terraces. A brief summary of the relevant features observed is: (i)

[

[

rface Science 400 (2017) 254–261

modification of the relative intensities of D1 and D2 components of
D band; (ii) slight increase in the absolute intensity of the G band;
(iii) presence of a well-defined new band, Dı́, at 1621 cm−1, and (iv)
decrease in the ratio between integrated bands at 2640 cm−1 and
2686 cm−1, in the second-order region.

The intensity increase of D and D’ bands observed in the
in situ Raman spectra from HOPG SE areas is produced by SERS
effect generated by silver crystallites during their electrodeposi-
tion. Although, the size and form of silver particles are modified
throughout the experiment, they are mainly electrodeposited on
step edges sites (previously oxidized), at the HOPG surface. We
obtain HOPG electrodes with SERS activity regions (areas with high
density of SE sites), whereby surface defects on the carbon surface,
can be detected with high sensitivity.
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